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Behavioral/Cognitive

Motor Interference, But Not Sensory Interference, Increases
Midfrontal Theta Activity and Brain Synchronization during
Reactive Control

Jakob Kaiser and Simone Schiitz-Bosbach
General and Experimental Psychology, Ludwig-Maximilian-University, D-80802 Munich, Germany

Cognitive control helps us to overcome task interference in challenging situations. Resolving conflicts because of interfering
influences is believed to rely on midfrontal theta oscillations. However, different sources of interference necessitate different
types of control. Attentional control is needed to suppress salient distractors. Motor control is needed to suppress goal-in-
compatible action impulses. While previous studies mostly studied the additive effects of attentional and motor conflicts, we
independently manipulated the need for attentional control (via visual distractors) and motor control (via unexpected
response deviations) in an EEG study with male and female humans. We sought to find out whether these different types of
control rely on the same midfrontal oscillatory mechanisms. Motor conflicts, but not attentional conflicts, elicited increases
in midfrontal theta power during conflict resolution. Independent of the type of conflict, theta power was predictive of motor
slowing. Connectivity analysis via phase-based synchronization indicated a widespread increase interbrain connectivity for
motor conflicts, but a midfrontal-to-posterior decrease in connectivity for attentional conflicts. For each condition, we found
stronger midfrontal connectivity with the parietal region contralateral to, rather than ipsilateral to, the acting hand. Parietal
lateralization in connectivity was strongest for motor conflicts. Previous studies suggested that midfrontal theta oscillations
might represent a general control mechanism, which aids conflict resolution independent of the conflict domain. In contrast,
our results show that oscillatory theta dynamics during reactive control mostly reflect motor-related adjustments.
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Humans need to exercise self-control over both their attention (to avoid distraction) and their motor activity (to suppress
inappropriate action impulses). Midfrontal theta oscillations have been assumed to indicate a general control mechanism,
which help to exert top-down control during both motor and sensory interference. We are using a novel approach for the in-
dependent manipulation of attentional and motor control to show that increases in midfrontal theta power and brainwide
connectivity are linked to the top-down adjustments of motor responses, not sensory interference. These findings clarify the
function of midfrontal theta dynamics as a key aspect of neural top-down control and help to dissociate domain-general from
motor-specific aspects of self-control. j

the simultaneous presence of task-relevant stimuli and salient

Introduction
Cognitive control helps to maintain goal-directed behavior when distractors, such as when drivers need to focus on the traffic de-

ignificance Statement

we are confronted with internal or external interference.
Processing conflicts because of task interference can occur in dif-
ferent domains. Attentional conflicts typically arise because of
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spite colorful advertisements on the roadside (Sawaki and Luck,
2010; Gaspar and McDonald, 2014; Kerzel et al., 2018; Chelazzi
et al., 2019). Motor conflicts occur when we must deviate from a
prepotent response pattern, such as when drivers need to hit the
brakes because of an unexpected stop sign (Botvinick et al., 2004;
Egner, 2008; Aron, 2011; Cohen, 2014a). Both attentional and
motor conflicts lead to increased error rates and slower reaction
times (Criaud and Boulinguez, 2013; Gaspelin and Luck, 2018a;
Wessel, 2018; Liesefeld et al., 2019). To understand how the
brain enables top-down control of our behavior, it is crucial
to find out whether different types of conflicts are resolved by
separate, domain-specific or shared, domain-general top-down
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allowed us to test whether theta oscillations repre-
sent a domain-general or task-specific mechanism

of top-down control, and in how far the pattern of
theta connectivity differs between attentional and
[ motor conflicts.
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Figure 1. Schematic representation of study design. Figure shows examples for stimulus displays, either with

or without salient singleton distractor (red square). Participants had to locate the unique shape (circle) and

respond according to the position of the dot within the target shape.

control mechanisms in the brain (Cocchi et al., 2013; Mackie et
al., 2013; Hampshire and Sharp, 2015; Gratton et al., 2018).

Motor contflicts lead to an increase in oscillatory power in the
theta range (4-7 Hz) over the midfrontal cortex (Nigbur et al.,
2011; Miickschel et al,, 2017; Vissers et al., 2018; Kaiser et al.,
2019; Kaiser and Schiitz-Bosbach, 2019). Higher theta power has
been found to predict motor slowing, which is believed to pre-
vent a premature elicitation of prepotent but goal-incompatible
impulses (Wessel and Aron, 2013, 2014; Chang et al., 2017;
Tollner et al, 2017). Conflict-related increases in midfrontal
theta power have been observed in a wide range of different ex-
perimental paradigms (Cohen and Cavanagh, 2011; Derosiere et
al., 2018; Vissers et al., 2018; Cooper et al., 2019). Therefore, it
has been suggested that midfrontal theta oscillations might be in-
dicative of a general control mechanism (Cavanagh and Frank,
2014; Cohen, 2014a). It has been speculated that theta synchroni-
zation between midfrontal and other domain-specific brain areas
could facilitate the adjustments necessary to overcome different
types of conflicts (van Driel et al., 2012; Cooper et al., 2015;
Duprez et al, 2019). Cognitive conflicts also often lead to
decreases in alpha power (8-14Hz; e.g., Popov et al, 2018).
Lower alpha power has been found to indicate increased atten-
tion toward task-relevant stimuli (Clayton et al, 2018; Van
Diepen et al., 2019).

For the simultaneous experimental manipulation of atten-
tional and motor conflicts, most previous studies used a
version of the flanker paradigm (Verbruggen et al., 2006;
Nigbur et al., 2011, 2012; Soutschek et al., 2013; Pastotter
and Frings, 2018). Here, different types of target symbols (e.g.,
letters or numbers) necessitate different motor responses. Each
target is accompanied by a congruent or incongruent flanker.
Congruent flankers are identical to the target, which poses no
interference. Incongruent flankers are either different symbols
associated with the target response, which primarily evokes
sensory interference, or different symbols associated with a tar-
get-incompatible response, evoking both sensory and motor in-
terference. Thus, attentional and motor interference in these
studies are necessarily additive. However, for a clear dissocia-
tion of attentional and motor control, it is necessary to ensure
an independent manipulation of distractor and motor conflicts
within the same task. Therefore, the current study combined
the singleton-distractor task, where a distractor captures atten-
tion because of its unique color (Gaspar and McDonald, 2014),
with a Go/Change-Go task, where participants have to change
prepotent response patterns (Kaiser and Schiitz-Bosbach, 2019).
We used this paradigm to compare the effect of attentional and
motor conflicts on midfrontal theta power as well as theta syn-
chronization as a measure of interbrain connectivity. This
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Materials and Methods

Participants. Thirty-seven participants (11 male)
took part in the experiment for course credits or finan-
cial reimbursement of 9 €/h. The mean age of partici-
pants was 25.0years (SD,4.1). Three datasets were
excluded from the analysis, either because they retained
<50 trials for EEG analysis in at least one experimental
condition after data preprocessing (n=1), or because of
extreme values in their behavioral performance (n=2,
see below), resulting in a final sample of 34 participants.

Measurement setup. For recording EEG, we used 65 active electro-
des (ActiSnap, BrainProducts) and one additional ground electrode.
Electrodes positions followed the international 10-20 system. The
FCz functioned as the online reference. EEG was recorded with a
QuickAmp amplifier (BrainVision), using a 500 Hz sampling rate and
2 0.016-250 Hz online bandpass filter.

Experimental design. Figure 1 shows a schematic overview of the ex-
perimental design. On each trial, a search display was shown, which con-
sisted of four items arranged around a fixation cross (size: 0.8° x 0.8°
visual angle) in the middle of the screen. Participants were instructed to
keep their eyes on the fixation cross at all times. Each of the items (1° X
1°) had a distance of 2° visual angle to the fixation cross. The four stimuli
were either three circles and one square or three squares and one circle.
The item with the unique shape on each trial was defined as the target.
All stimuli contained small black dots (0.1° x 0.1°), which were posi-
tioned either on the left or right side of each shape. Participants were
instructed to locate the target as quickly as possible and press the left or
right arrow button on the keyboard depending on the position of the
black dot within the target. All responses had to be performed with the
right index finger. The search display remained on the screen for 1.2 s. If
participants did not answer within this time period or if they pressed the
wrong button, a clock symbol or an X was shown as negative feedback
for 0.3 s. The intertrial interval randomly varied between 1.5 and 1.8 s.

To manipulate the degree of attentional conflict, we varied the colors
of the search items. On half of the trials, all items had the same color (ei-
ther green or red, no-distractor trials). On the other half of the trials, one
of the nontarget items had a different color than all other items (single-
ton-distractor trials). Thus, a singleton-distractor trial could consist of
either three green items and one red color singleton or three red items
with one green color singleton. We hypothesized that singleton-distrac-
tor trials would lead to involuntary attentional capture for the nontarget
with the unique color, and therefore necessitate increased attentional
control. Note that the colors of the items did not have any direct rele-
vance for participants’ task. Participants were instructed to always ignore
colors, but only look for the target with the unique shape. The assign-
ment of the two colors red/green between singleton-distractor and non-
singleton items varied randomly between trials.

To manipulate the degree of motor conflict, we varied the relative
frequency of the two target actions. For each participant, either the left
or right button press was prompted in 75% of all trials (standard action),
while the opposite button press was needed in 25% of the trials (conflict
action). It was assumed that prompting the conflict action would
increase the need for motor control, since this action deviated from the
more frequent standard response. The assignment between left/right and
standard/conflict action was counterbalanced between participants.

To ensure that our findings were not unduly influenced by system-
atic differences between the search displays, we counterbalanced and
randomized several factors between trials. Target and singleton distrac-
tor appeared equally often in each of the four possible positions around
the fixation cross. The positions of the dots in the four items were
randomized so that each display contained two left-facing dots and two
right-facing dots. For half of the singleton-distractor trials, the distractor
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shape contained a dot that was target compatible, meaning it pointed in
the same direction as the dot in the target shape (Fig. 1). For the other
half of the trials, the dot in the singleton distractor was target incompati-
ble, meaning that it pointed in the opposite direction of the target (e.g.,
distractor with left-facing dot, but target with right-facing dot). We
included both target-compatible and target-incompatible distractor tri-
als, because in this way we ensured that participants could not infer the
target action from merely looking at the distractor, meaning that the sa-
lient distractor had no information value for choosing the correct
response.

The colors of singleton-distractor and nonsingleton items were coun-
terbalanced, so that in each condition half of the trial used the same tar-
get/distractor colors as in the directly preceding trial (e.g., standard
items, green; distractor items, red), while the other half of the trials used
the opposite color assignment (e.g., standard items, red; distractor items,
green). The shapes of targets and nontargets (either circle or square)
were randomized across trials.

The experiment consisted of 1920 trials, subdivided into 16 blocks.
The order of all trials was randomized. After each block, participants
received feedback about their average error rates and reaction times.
Breaks between blocks were self-paced. Overall, the experimental proce-
dure took ~90 min/participant.

Behavioral analysis. For both behavioral and EEG analysis, we
retained only trials with correct responses, leading to the mean removal
of 4.93% (SD,2.52%) of all trials. For trials with salient distractors, we
included in the main analysis only target-compatible distractors, where
the distractor dot was located at the same side as the target dot (Fig. 1).
This was done because distractors associated with target-incompatible
actions are known to elicit motor conflicts, and therefore would have
confounded attentional and motor interference (Verbruggen et al,
2006).

Error rates and reaction times for correct responses were averaged
for each condition. Box plots were used for the identification of outliers.
More specifically, we excluded all participants whose error rates or reac-
tion times deviated >1.5 times of the interquartile range from the overall
sample (Schwertman et al.,, 2004). This led to the exclusion of two partic-
ipants. Both behavioral measures were analyzed with repeated-measures
ANOVAs with the factors ATTENTION (no attentional conflict/atten-
tional conflict) and MOTOR (no motor conflict/motor conflict). As
effect size, we report nzp and Cohen’s d. Additionally, we report Bayes
factors (BFs) that indicate the evidence for the alternative hypothesis
(BF > 1) relative to evidence for the null hypothesis (BF << 1). It has been
suggested that BF > 10 represents strong evidence for the alternative hy-
pothesis, while BF < 0.10 indicates strong evidence for the null hypothe-
sis (Jarosz and Wiley, 2014; Van de Schoot et al., 2014; Wagenmakers et
al., 2018). Tests were calculated with the R packages ez, effsize, and
BayesFactor.

EEG preprocessing. EEG preprocessing and data analysis was per-
formed with the MATLAB Toolbox Fieldtrip (Oostenveld et al., 2011).
For five participants, one to four exceedingly noisy electrodes were
excluded and later replaced via interpolation using the function ft_chan-
nelrepair. EEG data were referenced to an average of all electrodes and
filtered (low-pass filter, 100 Hz; high-pass filter, 0.75Hz). To facilitate
further processing, data were downsampled to 250Hz. We then
extracted for each trial the EEG activity between —1.5 and +2.2 s around
trial onset. This time interval was chosen to be considerably longer than
the overall trial length, to avoid edge effects during the time-frequency
calculation. We used independent component analysis to identify com-
ponents that represented eye blinks or other non-brain-related artifacts.
This led to the removal of one to three components per participant
(mean, 1.53). Furthermore, we removed all trials where any EEG channel
showed deflections higher than 90 1V, resulting in an average exclusion
rate of 6.56% (SD, 5.25) of all trials. High voltage deflections are most
likely to stem from noise artifacts, such as strong body movements, and
are therefore commonly removed from EEG datasets (Yamanaka and
Yamamoto, 2010; Gaspelin and Luck, 2018a,b; Cooper et al., 2019). To
ensure a sufficient number of trials in each condition, we only retained
participants with at least 50 trials per condition, leading to one exclusion.
For the final sample, we retained an average of 638.0 trials for each
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participant (minimum, 546; maximum, 717) without conflict, 325.0 trials
(range, 265-357 trials) with only attentional conflicts, 210.5 trials (range,
171-236 trials) with only motor conflicts, and 100.3 trials (range, 77-115
trials) with both attentional and motor conflicts. Resulting datasets were
filtered with the function ft_scalpcurrentdensity using a Laplacian (spa-
tial) filter with the spline method and a polynomial degree of 10. This
increases the spatial specificity for the results of time-frequency and
connectivity analysis (Cohen, 2015).

Statistical analysis. Time-frequency data were calculated using
Morlet wavelets, as implemented in the function ft_freqanalysis. For
each condition, we estimated the oscillatory power from 1 to 20Hz in 1
Hz steps, while increasing the number of wavelet cycles from three to
eight cycles in linearly spaced steps. These processing parameters are in
line with general recommendations and previous studies concerning
neural theta oscillations (Cohen, 2014b; Cooper et al., 2016; Harper et
al,, 2017).

The main goal of our analysis was to compare the neural impact of
attentional conflicts evoked by distractor displays with motor conflicts
evoked by deviations from the prepotent motor response. If attentional
control was associated with midfrontal theta oscillations, we would
expect that the onset of distractor displays elicits a change in midfrontal
theta activity. Thus, a stimulus-locked analysis relative to the distractor
onset should identify neural processes elicited by sensory distraction.
Concerning motor control, we would expect that motor conflicts lead to
an increase in midfrontal theta power before action execution. However,
since both attentional and motor conflicts have been shown to slow
down reaction times, stimulus-locked differences in activity between
conditions around the time of the motor response could simply reflect
slower reactions during conflict trials (Gaspelin and Luck, 2018a;
Wessel, 2018). Thus, a response-locked analysis relative to the motor
response is more appropriate for comparing processes related to
response preparation across different conditions. Accordingly, we
extracted time-frequency data in the following two different ways: stim-
ulus centered, defined as 0-1.2 s relative to the onset of the search dis-
play; and response centered, defined as —0.8 to 0.4 s around the motor
response based on reaction times on each trial. Where appropriate, we
present the results of both stimulus-centered and response-centered
analyses to aid the distinction between distractor-evoked and response-
locked neural processes. For each condition, we calculated average
power values. Condition-wise averages were baseline corrected via deci-
bel conversion, using the mean power of all trials between 0.3 and 0.1 s
before trial onset as baseline value. Using a trial average as the baseline
for the calculation of time-frequency maps increases the signal-to-noise
ratio (Cohen, 2014b).

Statistical analysis of time—frequency maps was based on the average
of midfrontal electrodes FCz, FC1, and FC2. These electrodes were
chosen, because previous studies of midfrontal theta power over-
whelmingly found the peak of theta power around this site (Cohen and
Cavanagh, 2011; Chang et al., 2017; Vissers et al., 2018; Kaiser and
Schiitz-Bosbach, 2019). Topographical plots of our data confirmed that
this location represented the peak of neural theta increases (Fig. 2). We
used cluster-based permutation analysis to identify significant effects
of the main factors ATTENTION, MOTOR, and the ATTENTION :
MOTOR interaction in the time-frequency data (Derosiere et al.,
2018). Permutation analysis allows for statistical tests over whole time—
frequency maps, while still controlling for multiple comparisons
(Maris and Oostenveld, 2007). More specifically, for each main factor
and the interaction separately, statistical contrasts were first deter-
mined via F tests for each individual time-frequency point. Adjacent
data points below a cutoff of p < 0.05 were combined into clusters. The
weight of each cluster was calculated as the sum of the F values of all
the tests for its individual time points. The statistical significance of
each cluster was calculated as the probability that a cluster with equal
weight could appear because of chance, as determined via 10,000 ran-
dom permutations over the original data. We report all clusters that
were significant with p <0.05. We also calculated post hoc contrasts
between individual conflict conditions, using the same permutation
approach, but, instead of F tests, we used ¢ tests, which were corrected
for two-sided comparisons.
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Figure 2.

Condition-wise topographical plots and time—frequency heat maps. Topographical plots show average baseline-corrected power in the theta range (4—7 Hz) 0.4-0.8 s after stimu-

lus onset. Heatmaps show average baseline-corrected oscillatory power over the whole frequency spectrum analyzed for the full trial interval at the electrodes FCz/FC1/FC2 (marked with a star

in the topographical plots) relative to stimulus onset.

Brain-behavior correlations. To investigate the relationship between
neural activity and behavioral outcomes during conflict resolution, we
computed correlation maps between midfrontal oscillatory activity and
reaction time on the same trial in each condition (for similar approaches,
see Cohen and Cavanagh, 2011; Cooper et al, 2019; Adelhofer and
Beste, 2020). More specifically, for each participant individually we cal-
culated a separate time—frequency map with the same parameters as in
the main analysis for each trial. For each participant, we then correlated
every time-frequency point with the reaction time of the same trial sepa-
rately for each condition. Both oscillatory activity and reaction times
were rank transformed before the calculations of correlations, which
lowers the potential influence of extreme values on correlation estimates
(Conover, 2012; Cohen, 2014b). This analysis produced one time-fre-
quency map of correlation coefficients per condition and participant.
Thus, the average time-frequency maps of all participants represent the
average correlation strength between oscillatory power and reaction
times. We used cluster-based permutation with the same parameters as
for the main power analysis, to test the correlation maps of all partici-
pants in each condition for clusters that differed from 0. Correlation
clusters that significantly deviate from 0 indicate significant correlations
between oscillatory power and reaction times. We used cluster-based
permutation with the same parameters as for the main power analysis to
test the correlation maps of all participants in each condition for clusters
which differed from 0. Correlation clusters that significantly deviate
from 0 indicate significant correlations between oscillatory power and
reaction times.

Connectivity analysis. We calculated phase synchronization between
the midfrontal electrodes selected for the main analysis (FCz/FC1/FC2)
and all other electrodes as a measure of interconnectivity between the
midfrontal and other brain regions. For estimating synchronicity, we
used the debiased weighted phase lag index (WPLL Vinck et al., 2011).
Compared with other measures of synchronization, the weighted phase
lag index is less susceptible to the influence of volume conduction, which
can artificially inflate connectivity estimates (Bastos and Schoffelen,
2016). WPLI between the midfrontal seed electrodes and all other sen-
sors was calculated separately for each condition. WPLI values for each
seed electrode itself were set to 0. Resulting synchronization values were
baseline corrected by subtracting the mean WPLI between 0.30 and 0.10
s before trial onset. Thus, higher WPLI values at any electrode indicate
an increase in synchronization between that sensor and the midfrontal
areas. Synchronization values were averaged in 0.2 s intervals. Since
we wanted to explore potential changes of connectivity between the
midfrontal side and all other cortical regions, we used cluster-based

permutation that included all electrodes and time points to identify spa-
tiotemporal clusters of condition differences in synchronization in the
theta range (4-7 Hz). To identify the electrodes with the most reliable
effects, and to avoid false positives in this whole-head analysis, we chose
a more conservative cutoff value for individual time-electrode points of
p <0.01. The remaining analysis parameters were identical to the ones
used for the main time-frequency analysis.

The whole-head analysis revealed a significant interaction between
attentional and motor conflicts in the synchronization between midfron-
tal and parietal electrodes (see Fig. 7). To explore this interaction further,
we calculated additional heat maps of the average midfrontal synchro-
nicity for the parietal region, based on a representative array of the cen-
troparietal area (P1/Pz/P2/PO3/POz/PO4). Permutation analysis with
the same parameters as in the main analysis was used to test for effects
of attentional and motor conflicts in this region.

Our whole-head analysis also revealed a pattern of lateralization in
midfrontal-to-parietal synchronicity (see Fig. 7). Therefore, we chose to
investigate the difference in contralateral and ipsilateral phase synchro-
nization relative to the acting hand. For this purpose, we calculated the
average synchronization values separately for the parietal contralateral
side (electrodes CP5/CP3/CP1/P5/P3/P1) and the parietal ipsilateral side
(electrodes CP6/CP4/CP2/P6/P4/P2). Cluster-based permutation was
used to compare the time-frequency maps of phase synchronization val-
ues between the contralateral and ipsilateral sides within each condition,
as well as for comparing the difference in lateralization effect (contralat-
eral-ipsilateral) between the different types of conflict.

Data availability. Data and materials of this study are archived online
at https://osf.io/spwm9/2view_only=d9c0fd02768e4142bbcb110eaa2afc14.

Results

Behavioral results

Figure 3 shows box plots for error rates and reaction times. For
error rates, we found a main effect of ATTENTION (F(; 33 =
85.65, p < 0.001, n; = 0.72, BF > 10°), a main effect of MOTOR
(F(1,33 = 64.60, p<0.001, 5 = 0.66, BF > 10°), as well as an
ATTENTION * MOTOR interaction (F 33 =26.86, p < 0.001,
nf, = 0.45, BF=9.91). On average, the presence of a singleton
distractor compared with search displays without singleton dis-
tractor increased the error rate by 5.81% (SD,4.48). Conflict
actions compared with standard actions increased the error rate
by 5.76% (SD, 4.91). The increase in errors for conflict actions
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compared with standard actions was signifi-
cantly higher when a singleton distractor was
present compared with when no singleton dis-
tractor was shown (f33=5.18, p<0.001,
d=0.89, BF =1936.56).

For reaction times, we found a main effect of
ATTENTION (F(, 33 =244.74, p<0.001, 7, =
0.88, BF > 10°), a main effect of MOTOR 5
(F1,33)=325.42, p<0.001, 0 = 0.91, BF > 10°),
but no ATTENTION #* MOTOR interaction
(F(33) <0.01, p=0.98, BF=0.26). Trials with
singleton distractors compared with trials with-
out singletons increased reaction times by
60.1 ms (SD, 23.5). The need to perform conflict
actions compared with standard actions
increased reaction times by 80.8 ms (SD, 27.0).
Overall, both the presence of singleton distrac-
tors and conflict actions interfered with participants’ perform-
ance, as indicated by increases in both error rates and reaction
times.
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Error Rates (%)
>

Figure 3.

Midfrontal oscillatory power

Figure 2 shows time-frequency maps for midfrontal oscillatory
power. Figure 4 shows the results of the cluster-based permuta-
tion for the ANOVA with the factors ATTENTION (no atten-
tional conflict/attentional conflict) and MOTOR (no motor
conflict/motor conflict). Tests of main effect and interactions
were performed for both stimulus-centered data (relative to
search display onset) and response-centered data (relative to
motor response) to aid the distinction between oscillatory effects
elicited by the sensory distractors and motor conflicts.

For the factor ATTENTION, we found a significant cluster
within the theta range, as follows: stimulus centered: 0.64-1.2 s,
p=0.001; response centered: —0.05 to 0.4 s, p=0.035. Trials with
salient distractors showed higher theta power compared with tri-
als without distractors, but only in the last half of the trials and
only after the motor response. Thus, during task execution,
the mere presence of a salient distractor did not lead to a sig-
nificant increase in theta power. Additionally, the factor
ATTENTION revealed a significant cluster in the alpha-to-
beta range before motor response: response centered: —0.74 to
—0.3 s, p=0.043. Compared with trials without distractors,
trials with salient distractors showed lower alpha/beta power
during response preparation.

For the factor MOTOR, we found a significant cluster, which
indicated that trials with motor conflicts compared with trials
without motor conflicts lead to higher power with a peak in the
theta range, as follows: stimulus centered: 0.27-1.2 s, p < 0.001,
response-centered: —0.8 to 0.08 s, p <0.001. Increases in theta
power for motor conflicts emerged ~0.80 s before and peaked
shortly before the motor reaction. Additionally, for the factor
MOTOR we found a significant cluster in the alpha/beta range,
indicating that motor conflicts compared with trials without
motor conflicts led to significantly lower alpha/beta activity
before the motor reaction (response centered: —0.8 to —0.27 s,
p=0.001) as well as after the motor action (stimulus centered:
0.73-1.2 s, p < 0.001; response centered: 0.09-0.4 s, p=0.005).
Thus, motor conflicts led to increases in theta power, which were
more most prominent directly before the motor response.
Additionally, motor conflicts led to decreases in alpha/beta
power.

Testing the ATTENTION * ACTION interaction revealed a
significant cluster in the theta to alpha range in the stimulus-
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over electrodes FCz/F(1/FC2). Marked areas show clusters of significant differences based on permutation analysis
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centered data (0.44-0.77 s, p=0.045). There was no significant
ATTENTION * MOTOR interaction in the response-centered
data. As the interaction effect occurred during the latter part of
the trial and was not significant in the response-centered analy-
sis, the interaction in the stimulus-centered data could reflect dif-
ferences in reaction times between the conditions. Thus, we
found no consistent evidence for a midfrontal ATTENTION =
MOTOR interaction.

In addition to the permutation ANOVA, we also present the
direct comparisons of different types of conflicts via permutation
t tests in Figure 5. These tests confirmed the main findings of the
ANOVA: compared with trials with only attentional conflicts,
trials that contained either only a motor conflict or both motor
and attentional conflicts simultaneously showed higher theta
power in the later part of the trial before the motor response (all
p values <0.002). Trials with attentional conflicts and motor
conflicts did not differ in theta activity in the postresponse inter-
val. Additionally, trials that contained only a motor conflict or
both types of conflicts simultaneously compared with trials with
only attentional conflicts showed lower alpha/beta power at the
end of the trial (all p values < 0.02). The presence of both con-
flicts compared with only an attentional conflict also led to lower
power in the alpha/beta range before the response (p =0.002).

The simultaneous presence of distractor and motor conflicts
compared with the presence of only a motor conflict showed a
significantly higher power theta range at the end of the trial in
the stimulus-centered data (0.75-1.2's, p=0.021) as well as a sig-
nificantly lower power in the alpha range in the first half of the
trial (0.17-0.36 s, p = 0.046). However, these effects did not occur
in the response-centered data. Here, both conflicts simultane-
ously compared with trials with only motor conflicts showed a
cluster of lower alpha/beta power during and after the motor
response (—0.08 to 0.26 s, p=0.034). This suggests that the sig-
nificant clusters in the stimulus-centered comparison occurred
mostly because of differences in the timing of neural activity.
Thus, when controlled for differences in timing, both conflicts
simultaneously compared with only motor conflicts did not lead
to an increase in theta power, but only a decrease in alpha/beta
power around and after the motor response.

To conclude, stimulus-locked analysis indicated increases in
theta power for both attentional and motor conflicts, which were
mostly confined to the second half of the trial. Importantly, for
attentional conflicts, we found no evidence for early conflict-
related increases in theta power directly evoked by the onset of
the distractor. Theta increases for attentional conflicts only
occurred after the response, meaning after the conflict resolution
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had already taken place. Conversely, response-locked data
showed early and prolonged increases in theta power for motor
conflicts. Thus, motor conflicts, but not attentional conflicts,
were marked by increases in theta power during task execution.
Both types of conflicts evoked decreases in alpha/beta power.

Brain-behavior correlations

Figure 6 shows average correlations between trial-wise reaction
times and midfrontal oscillatory power. Analysis of stimulus-
centered data revealed clusters of positive correlations between
theta power and response times in the later part of the trial for all
conditions, as follows: no conflict: 0.32-1.2 s, p < 0.001; atten-
tional conflict: 0.34-1.2 s, p <0.001; motor conflict: 0.47-1.2 s,
p <0.001; both conflicts: 0.56-1.2 s, p < 0.001. For trials without
conflict, as well as for trials with attentional conflicts, we also
found clusters of negative correlations in the alpha/beta fre-
quency range at the end of the trial period (no conflict: 0.6-1.2 s,
p=0.003; attentional conflict: 0.9-1.2's, p=0.013).

Note that correlations of stimulus-centered data with reaction
times could also occur because of temporal differences in the
onset and offset of task-related neural activity, rather than
because of a systematic relationship between the strength of neu-
ral activity and response times.

Importantly, the analysis of response-centered data con-
firmed the presence of positive correlations between theta power

and reaction times. In every condition, positive correlation clus-
ters could be observed as early as 0.8 s before the action execu-
tion up until the end of the time region of interest (no conflict:
—0.8 t0 0.32 s, p < 0.001; attentional conflict/motor conflict/both
conflicts: —0.8 to 0.4 s, p < 0.001). Additionally, in every condi-
tion we found a cluster of negative correlations between alpha/
beta power and reaction times, which peaked ~0.50 s before
response execution (no conflict: —0.8 to —0.26 s, p = 0.002; atten-
tional conflict: —0.78 to —0.33 s, p =0.003; motor conflict: —0.72
to —0.41 s, p=0.005; both conflicts: —0.77 to —0.45 s, p =0.005).

To conclude, for all conditions, and independent of the type
of conflict present, higher midfrontal theta power and lower
alpha/beta power was predictive of motor slowing.

Midfrontal theta synchronization

Figure 7 shows average synchronization between the midfrontal
electrodes FCz/FC1/FC2 and all other electrodes. We again con-
ducted permutation tests for the factors ATTENTION, MOTOR,
and the ATTENTION # MOTOR interaction. For the factor
ATTENTION, we found no significant clusters in the stimulus-
centered data, indicating that no significant changes in midfron-
tal connectivity could be found relative to the distractor onset.
For response-centered data, we found a parietal-to-posterior
cluster with a decrease in synchronization (—0.6 to —0.2 s,
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P <0.001). This suggests desynchronization between central and
parietal electrodes during attentional conflicts.

For the factor MOTOR, stimulus-centered analysis indicated
two significant clusters of synchronicity increases. These clusters
comprised a wide array of electrodes, most of which were located
at central and left parietal regions (0.4-1 s, p <0.001) as well as
the frontal region (0.4-1 s, p=0.001). Analysis of response-cen-
tered data confirmed that the majority of significant increases
occurred directly before the motor response (—0.6 to 0.2 s,
p < 0.001). Additionally, response-centered analysis indicated an
early increase in synchronization with mostly left parietal electro-
des (—0.8 to —0.6 s, p=0.001). Thus, motor conflicts led to an
early increase in synchronization with parietal electrodes, as well
as a later increase in frontocentral connectivity around the time
of response execution, including a noticeable peak in synchroni-
zation with left parietal electrodes. Since all motor actions in this
experiment had to be performed with the right hand, this could
indicate synchronization between midfrontal electrodes and
parts of the parietal motor cortex contralateral to the acting
hand.

We found evidence for an ATTENTION * MOTOR inter-
action in centroparietal electrodes (stimulus centered: 0.4-
0.6 s, p=0.030; response centered: —0.6 to —0.4 s, p =0.044).
This indicates that frontoparietal synchronization differed
between trials where both conflicts were present compared

with trials with either only attentional or motor conflicts. We
explored this interaction effect in a separate analysis (see
next section).

We also tested for differences in theta connectivity between
the different types of conflicts via permutation ¢ tests. Figure 8
presents the results of these contrasts for response-centered data,
since the main ANOVA showed that most significant changes in
connectivity were locked to the motor response. The analogous
analysis of the same contrasts for stimulus-centered data did not
reveal any additional findings. As can be seen from Figure 8,
contrasts between conflicts largely confirm the findings from the
main analysis. Conditions that contained a motor conflict (motor
conflict only or both attentional and motor conflict simultane-
ously) compared with trials with only attentional conflicts
showed increases in theta synchronization over a wide array of
electrodes, including a prominent increase on frontal and parie-
tal electrodes (all p values < 0.01). Conversely, conditions that
contained an attentional conflict compared with conditions that
only contained motor conflicts showed significant decreases in
synchronization mostly confined to parietal and posterior elec-
trodes (all p values < 0.03).

To conclude, motor conflicts, but not attentional conflicts, led
to an increase in theta synchronization with midfrontal electro-
des across the cortex, including frontal and contralateral-parietal
regions. In contrast, attentional conflicts showed a decrease in
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midfrontal synchronization with centroparietal-to-posterior
electrodes.

Interaction effects in frontoparietal theta synchronization

The whole-head connectivity analysis indicated an interaction
effect between attentional and motor conflicts on centroparietal
electrodes. To explore this interaction, we calculated average
time-frequency maps of synchronicity between midfrontal and
centroparietal electrodes, and again performed ATTENTION
MOTOR ANOVA on the resulting values (Fig. 9). For the factor
ATTENTION, centroparietal electrodes showed a significant

decrease in synchronization in the theta to alpha range (—0.48 to
—0.04 s, p<<0.001). For the factor MOTOR, we also found a
cluster of lower synchronization (—0.53 to —0.3 s, p <0.001).
Additionally, the factor MOTOR showed two clusters of
increases in theta synchronization (—0.8 to —0.42 s, p=0.001;
—0.23t0 0.08 s, p =0.006).

As in the whole-head analysis, we found a significant
ATTENTION * MOTOR interaction in the theta range (—0.62
to —0.39 s, p=0.031). We explored this interaction by testing the
effect of motor conflicts separately for trials with and without
attentional conflicts. For motor conflicts in the absence of salient
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distractors, we again found significant increases in theta synchroni-
zation (—0.8 to —0.44 s, p < 0.001; —0.25 to 0.05 s, p=0.006). For
motor conflicts on trials with salient distractors, however, there was
no significant increase in theta synchronicity. Instead, we found a
decrease in synchronization in the theta and alpha/beta range
(—0.53 to —0.32 s, p<<0.001). To conclude, as indicated by the
whole-head analysis, motor conflicts and attentional conflicts dif-
fered in their synchronization between midfrontal and centroparie-
tal electrodes. While motor conflicts led to an increase in theta
synchronization, attentional conflicts were marked by a decrease in
synchronization in the theta and alpha ranges. As indicated by the
interaction effect, the presence of sensory distractors led to lower
theta synchronization during motor conflicts.

Lateralization of theta synchronicity
Based on the findings of the whole-head connectivity analysis,
we further investigated the pattern of increased parietal

synchronization contralateral to the acting hand in action con-
flicts. Figure 10 shows the comparison of contralateral-parietal
and ipsilateral-parietal connectivity with the midfrontal region.
For every condition, midfrontal phase synchronization in the
delta/theta frequency range was stronger for the contralateral
compared with the ipsilateral side around the time of the motor
response (no conflict: —0.43 to 0.4 s, p=0.004; attentional con-
flict: —0.25 to 0.4 s, p=0.005; motor conflict: —0.34 to 0.32 s,
P <0.001; both conflicts: —0.36 to 0.09 s, p=0.007). We tested
whether the lateralized difference in phase synchronicity (contra-
lateral-ipsilateral) depended on the type of conflict using again
an ATTENTION * MOTOR ANOVA. There was no main effect
of ATTENTION, but a main effect of MOTOR showing an
increase in lateralization (—0.34 to 0.04 s, p=0.001). There was
no significant ATTENTION * MOTOR interaction. Thus, motor
conflicts, but not attentional conflicts, increased the degree of lat-
eralization. Individual condition contrasts confirmed that
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lateralization in synchronicity was significantly higher for motor
conflict trials compared with trials with no conflict (—0.3 to 0.11
s, p=0.002) as well as compared with trials with attentional con-
flicts (—0.31 to 0.11 s, p=0.001). There were no significant dif-
ferences between trials with both attentional and motor conflicts
compared with trials with only motor conflicts. To conclude,
synchronization between the midfrontal and parietal regions was
stronger contralateral to, rather than ipsilateral to, the acting
hand in every condition. This lateralization of midfrontal syn-
chronicity was most pronounced during motor conflicts.

Discussion

The current study compared midfrontal oscillatory dynamics
between attentional conflicts, evoked via salient distractors, and
motor conflicts, evoked via deviations from prepotent actions.
While previous studies of cognitive control mostly tested the
additive effects of sensory and motor interference, our design
allowed for an independent manipulation of attentional and
motor conflicts. Motor conflicts led to a clear spike in theta activ-
ity directly before the motor action when motor adjustments
were most likely to take place. Conversely, for attentional con-
flicts there was no increase in theta power during conflict resolu-
tion. Moreover, while motor conflicts led to increased theta
synchronization with the midfrontal region across the cortex,
attentional conflicts led to a decrease in synchronization between
midfrontal and parietal electrodes.

If the resolution of sensory interference was related to mid-
frontal theta oscillations, stimulus-locked analysis should have
shown increases in theta activity directly after the distractor
onset. Instead, as demonstrated by the response-locked analysis,
for attentional conflicts we only found evidence for theta power
increases after the conflict response had already been performed.
Postresponse theta activity did not significantly differ between
attentional and motor conflicts. Theta power increases after trials
have been associated with proactive control processes, such as
anticipatory adjustments for upcoming trials (van Driel et al.,

2012; Luft et al,, 2013; Kaiser et al., 2020). Thus, our results
would be compatible with the assumption that proactive control
adjustments elicit theta power increases independent of the type
of conflict (Cooper et al., 2015; Derosiere et al., 2018). Future
studies could test this assumption directly by comparing theta
power during pretrial intervals in which participants anticipate
either sensory or motor interference. Importantly, our study
shows that theta activity during the ongoing resolution of control
conflicts is specific to motor conflicts and does not occur for sen-
sory interference.

Decreases in alpha power are often associated with an
increase in selective attention (Foster and Awh, 2019; van
Diepen, et al., 2019). In the current study, both attentional and
motor conflicts led to decreases in alpha/beta activity. This
finding is consistent with previous studies that found both
motor and sensory interference evoke alpha/beta suppression
(McDermott et al., 2017; Popov et al., 2018). Thus, our results
show that while an increase in midfrontal theta power oscilla-
tions during behavioral conflicts are specific to motor interfer-
ence, decreases in the alpha/beta range occur independent of
the source of interference.

In line with previous studies, we found that increases in theta
power, as well as decreases in alpha power, were associated with
slower responses in all conditions (T6llner et al., 2017). This
finding suggests that midfrontal oscillatory activity during be-
havioral tasks partly reflects a speed—accuracy trade-off. Delaying
immediate responses is assumed to be necessary to allow for the
preparation of alternative behavior during demanding situations
(Wessel and Aron, 2013; Logan et al., 2014; Elchlepp et al., 2016;
Schall et al.,, 2017). Importantly, our results show that neither
sensory nor motor interference fundamentally alters the func-
tional relationship between midfrontal oscillations and motor
responses.

Oscillatory synchronization is assumed to aid information
exchange between task-relevant brain regions, which is an im-
portant aspect of neural conflict resolution (Fries, 2005; Cooper
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et al., 2015; van de Vijver et al., 2018; Duprez et al., 2019). One
important question is in how far changes in synchronization
are domain specific regarding the type of conflict affordance
(van Driel et al., 2012; Vissers et al., 2018). This study pro-
vides important new evidence for the conflict-specific modu-
lation of interbrain connectivity. Motor conflicts, but not
attentional conflicts, led to markedly stronger theta synchro-
nization around the time of response execution in a wide
array of electrodes. This included significant lateralization in
synchronicity in the left parietal region contralateral to the
acting hand. This finding could indicate increased intercom-
munication between midfrontal regions and parts of the
motor cortex related to the currently action-relevant effector.
Thus, increases in theta synchronization were specific to the
motor conflict that needed to be resolved.

In contrast to motor conflicts, attentional conflicts led
to a decrease in synchronization between midfrontal and
centroparietal electrodes to posterior electrodes, which occurred
both in the theta and alpha range. Frontoparietal intercommuni-
cation has previously been associated with attentional processes
(Corbetta and Shulman, 2002; Ptak, 2012; Marshall et al., 2015;
Dixon et al., 2018). Additionally, cortical activity in posterior brain

region is commonly associated with the processing of visual
stimuli (Derosiere et al., 2018; Pastotter and Frings, 2018).
Thus, the current findings suggest that visual distractors
temporarily lower the intercommunication between the mid-
frontal regions and areas related to visual and attentional
processing. Note that measures of phase synchronization are
nondirectional and, thus, do not distinguish between the
upstream (posterior-to-frontal) and downstream (frontal-to-
posterior) flow of information (Bastos and Schoffelen, 2016).
On the one hand, this finding could be seen as evidence for
neural distractor interference, which appears to lead to a tem-
porary disruption in neural intercommunication. On the
other hand, one could speculate that lowering the synchroni-
zation with parietal and posterior areas during salient distrac-
tion might be adaptive, since it could effectively lower the
upstream propagation of distracting, task-irrelevant informa-
tion. Independent of the functional relevance of distractor-
related desynchronization, this finding clearly demonstrates
that motor conflicts, but not attentional conflicts, increase
brainwide theta synchronization.

For interpreting the current findings, it is important to con-
sider the feasibility of dissociating attentional and motor
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processes during conflict processing. In almost all behavioral

tasks, including the current one, sensory and motor interfer-
ence are, to a certain extent, intertwined. Since sensory dis-
tractors attract attention, suppressing distractors can entail
suppression of automatic eye movements toward the distrac-
tor location. Thus, attentional conflicts can increase the need
for adaptive motor control (Gaspelin and Luck, 2018b;
Chelazzi et al.,, 2019). Conversely, motor conflicts most likely
necessitate a speedy redirection of attentional resources to
ensure the implementation of the correct motor response.
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Thus, motor conflicts can likewise
increase the need for attentional
control (Mackie et al, 2013;
Elchlepp et al., 2016). The finding
that both attentional and motor con-
flicts lead to decreases in alpha
power is consistent with the view
that both attentional and motor con-
flicts evoked increased attentional
control. Accordingly, our experi-
mental manipulation should not be
viewed as a complete separation of
attentional and motor interference.
However, given the inherent interde-
pendence of attentional and motor
adjustments, it seems striking that
our results do show clear differences
between attentional and motor con-
flicts with respect to midfrontal
theta power and connectivity. This
suggests that the current approach
allows for at least a partial dissociation
of motor-specific and attention-specific
midfrontal control processes beyond
what was previously described in the
literature.

The present study focused on reac-
tive control during sensory and motor
interference. Accordingly, our results
cannot rule out that increases in mid-
frontal theta power can also occur in
other behavioral task contexts (Hsieh
and Ranganath, 2014; Kaiser et al,
2021; Riddle et al., 2020). Recent stud-
ies have found evidence that different
neural generators project theta activity
on the midfrontal cortex (Téllner et al.,
2017; Zuure et al., 2020). Thus, rather
than a unitary neural mechanism, mid-
frontal theta activity could reflect dif-
ferent underlying neural processes
depending on the task context.

With respect to the implementation
of cognitive control, theta oscillations
represent one of the most frequently
discussed neural phenomena. Previous
studies tended to conceptualize mid-
frontal theta oscillations as a “lingua
franca” of cognitive control, meaning
part of a general, domain-independent
mechanism for conflict resolution
(Cavanagh et al,, 2012; Cavanagh and
Frank, 2014; Duprez et al., 2019; Kaiser
et al,, 2019). In contrast, our results

show that midfrontal theta oscillations during reactive control
are not independent of the source of interference, but are more
specific to motor-related adjustments. This represents a novel
interpretation of midfrontal theta oscillations during reactive
control, by demonstrating domain-specific effects of theta power
and connectivity. The further dissociation between general and
domain-specific neural effects during different types of behav-
ioral interferences is an important step in understanding the
neural implementation of cognitive control.
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